Note: Measurement method for sound velocity of melts in large volume press and its application to liquid sodium up to 2.0 GPa Rev. Sci. Instrum. 82, 086108 (2011) Dispersion and attenuation on the Brillouin sound waves of a lubricant: Di(2-ethylhexyl) sebacate under high pressures J. Appl. Phys. 110, 033538 (2011) Sound dispersion and attenuation in concentrated H2SO4 by visible and ultraviolet Brillouin spectroscopy J. Chem. Phys. 135, 034503 (2011) Sub-wavelength phononic crystal liquid sensor Using high-speed visualization we demonstrate that ultrasound irradiation of pressurized carbon dioxide ͑CO 2 ͒ induces phenomena that do not occur in ordinary liquids at ambient conditions. For a near-critical mixture of CO 2 and argon, sonication leads to extremely fast local phase separation, in which the system enters and leaves the two-phase region with the frequency of the imposed sound field. This phase transition can propagate with the speed of sound, but can also be located at fixed positions in the case of a standing sound wave. Sonication of a vapor-liquid interface creates a fine dispersion of liquid and vapor, irrespective whether the ultrasound horn is placed in the liquid or the vapor phase. In the absence of an interface, sonication of the liquid leads to ejection of a macroscopic vapor phase from the ultrasound horn with a velocity of several meters per second in the direction of wave propagation. The findings reported here potentially provide a tunable and noninvasive means for enhancing mass and heat transfer in high-pressure fluids.
I. INTRODUCTION
High-pressure carbon dioxide ͑CO 2 ͒ is generally regarded as an environmentally benign alternative for organic solvents. 1-3 CO 2 is nontoxic, nonflammable, and chemically inert and has the generally regarded as safe status. Its physicochemical properties are distinct and relatively easily tunable with small variations in pressure and temperature. Accordingly, CO 2 is considered to be an interesting alternative to conventional solvents for a wide variety of applications, such as hydroformylation and polymerization reactions. Despite of the relatively high mass diffusivity in such lowviscous fluids, homogenization is complex and intense forms of mixing are desired. Ultrasound irradiation is known to provide a powerful tool to enhance mass transfer and several studies have explored the benefit of sonication for highpressure CO 2 systems. The majority of these studies have focused on the extraction of active components, in which ultrasound led to significant improvements in extraction rate. [4] [5] [6] [7] [8] [9] The origin of this acceleration has been studied abundantly for water and organic solvents at ambient conditions. [10] [11] [12] In these systems sonication results in the formation of liquid motion in the direction of wave propagation, i.e., acoustic streaming and acoustic cavitation. Acoustic cavitation refers to the sound-induced growth and nonlinear collapse of microscopic cavities in a liquid, leading to hotspots in the liquid. In the hot-spots, temperatures of several thousands of Kelvins, pressures of hundreds of bars, and high heating and cooling rates can be obtained. The extreme conditions can lead to the dissociation of chemical bonds and the formation of radicals. In addition, the collapsing cavities can induce high liquid velocities and microjets, thereby providing significant improvements in mass transfer.
Although it has been reported that ultrasound irradiation enhances mass transfer in high-pressure CO 2 -systems, it is still unclear to what extent this acceleration can be attributed to the occurrence of acoustic cavitation and streaming effects. Recent numerical modeling work has demonstrated that nonlinear cavity dynamics in high-pressure CO 2 appears improbable. 13 The present work elaborates on this numerical study and investigates the governing processes upon sonication of pressurized CO 2 by means of high-speed visualization techniques.
II. EXPERIMENTAL METHODS
High-intensity ultrasound with a frequency of 20 kHz was produced using an ultrasonic generator ͑Sonics and Materials VC750, Newtown, CT, USA͒. The piezoelectric transducer was coupled to the fluid with a 13 mm diameter full wave titanium alloy horn. The horn was inserted at the top of the reactor and positioned such that the tip of the horn was visible from the viewing area ͑Fig. 1͒. The reactor was equipped with two sapphire windows ͑diameter of ϳ30 mm͒ and had a volume of approximately 40 ml. To control temperature the reactor was immersed in a reservoir containing cooling liquid and the temperature of this liquid was controlled using cooling coils, which were connected to an external thermostat. The reactor was removed from the reservoir for the experiments in which the reactor was turned upside down or at an angle. High-speed images were re-a͒ corded with a charge coupled device camera ͑Ultima APX-RS, Photron USA, Inc., San Diego, CA, USA or MotionPro X4, Redlake MASD, Inc., San Diego, CA, USA͒ and magnifying optics, such as zoom lenses and a long-distance microscope. The contents of the reactor were visualized by background illumination using a slide projector.
First, the temperature of the cooling liquid in the reservoir was set by adjusting the temperature of the external thermostat. The reactor was flushed several times with gaseous CO 2 ͑grade 4.5, Linde Gas B.V., Schiedam, The Neth-erlands͒ to remove any air present and filled with liquid CO 2 using a syringe pump ͑LC-5000, Teledyne Isco, Inc., Lincoln, NE, USA͒. Subsequently, the hydrostatic pressure was set to the desired value by applying an argon head pressure ͑grade 5.0, Linde Gas B.V., Schiedam, The Netherlands͒. After thermal and pressure equilibrations, ultrasound was applied to the fluid and high-speed images were recorded. Since the mixture turned turbid almost instantaneously, images were captured during the first seconds of sonication.
III. RESULTS AND DISCUSSION
Recent numerical modeling work has revealed that for a mixture of CO 2 and argon both mass and heat transport limitations impede cavity expansion and hence, nonlinear cavity motion. 13 In accordance with this work, high-speed images acquired during the sonication of a similar mixture confirm that the cavities display hardly any radial motion. Although the experimental conditions have been varied extensively, nonlinearly oscillating cavities cannot be resolved from these images, thereby suggesting that acoustic cavitation does not occur in pressurized CO 2 . However, other phenomena appear upon sonication that are absent in ordinary liquids at ambient conditions. Similar to the physicochemical properties of this high-pressure fluid, the extent and time scales of the observed processes strongly depend on the position in the phase diagram ͑Fig. 2͒.
In the vicinity of the critical point ͑CP͒ ͑Fig. 2͒ local phase separation has been observed during each consecutive acoustic cycle, which implies that the system enters and leaves the two-phase region with a frequency equal to the frequency of the imposed sound field ͓Fig. 3͑a͔͒. Experiments confirm that this process exclusively arises in the vicinity of the critical point, which can be shifted for the binary mixture by changing temperature. The extremely fast dynamics of phase separation can be attributed to the unique physicochemical properties around the critical point, where most of the thermodynamic and transport properties diverge or converge to zero. 16 In particular, the heat of evaporation and the surface tension approach zero and hence, the change in the Gibbs free energy required for phase separation is minute. The location of phase separation is determined by the spatial distribution of the sound field. For a traveling sound wave phase separation arises directly below the ultrasound horn and propagates in the direction of the wave with a velocity comparable to the speed of sound ͑ϳ500 m / s͒, indicating that phase change occurs instantaneously in the negative pressure region of the sound wave. Propagation with the speed of sound suggests a strong resemblance with the well-studied piston effect in near-critical fluids, which refers to thermally induced acoustic waves responsible for enhanced thermalization. 17, 18 In contrast to the piston effect, the frequency and acoustic pressure allow for direct manipulation of the time scale and the extent of phase separation. The tunability is also manifested by the possibility to induce phase separation at fixed positions in the sound field, i.e., at the pressure antinodes of a standing wave ͓Fig. 3͑b͔͒. By lowering the hydrostatic pressure the mixture leaves the single-phase supercritical state, allowing the stable coexistence of a liquid and vapor phase. Sonication of the interface between liquid and vapor results in a vigorous interfacial disruption, leading to a dispersion of liquid and vapor ͓Fig. 4͑a͔͒. Similar interfacial disruptions have been observed irrespective of liquid height and orientation and location of the ultrasound source ͓Fig. 4͑b͔͒. Due to a difference in acoustic impedance of vapor and liquid, the sound wave induces a Langevin radiation force directed toward the phase with the lowest acoustic energy density, i.e., the liquid. 19 The periodicity of the darker regions in the vapor phase in Fig.  4͑b͒ reveals that a standing wave pattern can arise, thereby reinforcing the difference in acoustic energy density across the interface.
Although sonication of an interface in ambient systems can lead to disruption of the interface, the interfacial process presented here differs with respect to the extent of turbidity, the possibility to induce interfacial disruption by sonicating the vapor phase, and the interface wavelength. The difference in interfacial response is attributed to the low surface tension, high vapor density, and low liquid density of this high-pressure fluid. 16 Studies on low-frequency mechanical agitation of near-critical CO 2 have confirmed the special role of surface tension and density in the dynamics of the interfacial response. [20] [21] [22] In Fig. 4 the observed interface wavelength is in the order of 1 cm, a value approximately three orders of magnitude larger as compared to sonication in ambient systems. For ambient systems ultrasound irradiation leads to the Faraday excitation, which is characterized by waves of a few micrometers only. 23 Magnified images of the interface reveal that waves of a few micrometers are superimposed on the waves shown in Fig. 4 . This superposition would explain the strong correlation between predictions based on the Faraday instability and the droplet size as measured in the ultrasound-assisted emulsification of nearcritical CO 2 -water mixtures. 24 When the liquid-vapor interface is located outside the reactor, interface disruption is irrelevant and the repeated formation and high-velocity detachment of a macroscopic vapor phase become visible upon sonication of the liquid ͑Fig. 5͒. Typically, formation and detachment occur during a number of acoustic cycles ͑ϳ10-500͒. Such a formation of a vapor phase ͑approximately in millimeters͒ is generally not observed for ambient systems, where sonication results in a cloud of oscillating cavities ͑approximately in micrometers͒. 25, 26 The negative pressure from the sound wave causes the vapor phase to form and to expand until at a critical radius necking occurs. In the final stage of necking the vapor phase accelerates and detaches with a velocity of several meters per second. The observed acceleration is faster for increasing acoustic pressure. In Fig. 5 acceleration is directed against the field of gravity. Experiments in which the reactor was placed at various angles with respect to gravity confirmed that detachment always occurs in the direction of the sound field. The formation and acceleration of a vapor phase were not observed when the horn was replaced by a heating rod with similar geometry and power dissipation, indicating that the forces deriving from the sound field are crucial for the high-velocity detachment process. It is well known that dispersed particles in a traveling sound wave experience an acoustic radiation force in the direction of wave propagation. 28 As the size of the vapor phase and the wavelength of the sound field are of the same order of magnitude, the acoustic pressure gradient across the vapor phase gives rise to an additional force. The total force calculated for the detaching vapor phase is in good agreement with the acceleration estimated from the images depicted in Fig. 5 . In these fluids drag and buoyancy forces are less pronounced due to the relatively low dynamic viscosity and small density difference between vapor and liquid, respectively.
By means of comparison, ultrasound irradiation of a mixture of sulfur hexafluoride and argon resulted in similar phenomena, demonstrating the generality of the observed phenomena with respect to the sonication of high-pressure fluids. In contrast to ordinary liquids, the practical implications of ultrasound irradiation for high-pressure fluids do not derive from acoustic cavitation. The observed ultrafast phase separation and vigorous interfacial response provide a tunable and noninvasive means for enhancing mass and heat transfer in high-pressure fluids, without undesired effects originating from radical formation. These implications are of The vapor-liquid interface is located outside the reactor ͑288 K and 52.5 bars͒ and sonication results in the formation of an interface at the tip of the horn. Upon sonication the vapor phase expands and detaches with a velocity of 1.5 m/s at an ultrasound intensity of 11 W / cm 2 . The vapor phase appears dark against the bright background, which can be ascribed to surface waves arising from the interaction with the sound field ͑Ref. 27͒.
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interest for high-pressure liquid/liquid biphasic systems, gasexpanded solvents, and high-pressure reaction and extraction media.
IV. CONCLUSIONS
This work demonstrates that ultrasound irradiation of high-pressure fluids leads to interesting phenomena that do not appear in water and organic solvents at ambient conditions. These phenomena allow for a substantial improvement of mass and heat transfer in high-pressure fluids. In the vicinity of the critical point sonication creates an extremely fast and local phase separation, which propagates through the mixture with a velocity equal to the speed of sound. Ultrasound irradiation of a vapor-liquid interface induces turbulent mixing of vapor and liquid, whereas in the absence of an interface a vapor phase is formed and ejected from the ultrasound source with a velocity of several meters per second. Similar phenomena have been observed for the sonication of pressurized sulfur hexafluoride, thereby demonstrating that these processes can be extended to other high-pressure fluids.
